Theory for cross effect dynamic nuclear polarization under magic-angle spinning in solid state nuclear magnetic resonance: The importance of level crossings J. Chem. Phys. 137, 084508 (2012) Magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectra of second-order two-spin (AB) systems are investigated. Using average Hamiltonian theory (AHT), general expressions for the positions and relative intensities of the four allowed transitions are derived. In principle, correction terms to any order of the average Hamiltonian may be applied; however, terms up to and including third order appear to be adequate in reproducing the most important experimental features. In general, both the positions and relative intensities of the peaks are sensitive to the sample spinning frequency. Only at the high MAS frequency extreme do the MAS NMR spectra of two-spin (AB) systems in solids correspond to those predicted using formulas derived for solution samples. Under slow MAS conditions, MAS NMR spectra of AB spin systems deviate considerably from the corresponding A B spectra in solution NMR studies. Three general types of MAS NMR spectra are identified and their characteristic features are discussed. The theoretical expressions derived here are applied to reproduce the observed 31p MAS NMR spectra of a phosphole tetramer and cis-1,2-bis(diphenylphosphino)ethylene. It is shown that correction terms higher than first order must be considered in order to reproduce the anomalous spinning-frequency dependencies in MAS NMR spectra. The importance of carrying out measurements at two different applied fields is also demonstrated in the case of the phosphole tetramer.
I. INTRODUCTION
Magic-angle spinning (MAS) nuclear magnetic resonance (NMR) spectroscopy has become a powerful technique for chemists to use in studying solid materials. [1] [2] [3] [4] . II dil . 1 I . h 13C 15N d 31p magnetlca y ute spm-z nuc e1 suc as , , an , relatively sharp peaks are observed in NMR spectra acquired under conditions of high-power proton decoupling and MAS. These dilute spin systems are treated as "isolated" spins. However, it is common to have systems where a dilute spin is adjacent to another spin of the same kind. If all of the abundant spins in the system are decoupled, the two dilute spins are said to constitute an isolated spin pair. 5 There have been several publications dealing with MAS NMR spectra of homonuclear spin-~ pairs in the solid state. In a classic paper, Maricq and Waugh 6 studied the i3C MAS NMR spectra arising from the two dipolarcoupled i3C spins of diammonium . oxalate . In this case, the two carbons are crystallographically equivalent, so they have the same isotropic chemical shift. Using average Hamiltonian theory (AHT), the authors successfully reproduced the observed MAS NMR line shapes, and furthermore, they predicted that the MAS NMR spectra are sensitive to the sample spinning frequency. This latter aspect of MAS NMR spectra arising from homonuclear spin pairs has attracted considerable recent interest. 7 - 12 For example, we observed sample spinning frequency dependent line broadenings in IsN MAS NMR spectra of cis-azobenzene dioxide-1s N 2 , where the two coupled 15N nuclei are nonequilJalent.
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Interesting J-recoupling phenomena have recently alTo whom all correspondence may be addressed.
been observed in the MAS spectra of systems containing two crystallographically equivalent spinsy- 17 Challoner et al.13 first observed that the J coupling between two chemically equivalent 31p nuclei in 1,2-bis(2,4,6-tri-tertbutylphenyl) diphosphene is reintroduced in the 31p MAS NMR spectra. Eichele et af. 16 reported the observation of unusual J recoupling "AB" 3lp NMR line shapes for Cd(PPh 3 }z(N0 3 }z. Later, we observed similar unusual AB spectra in 31p MAS NMR studies of Hg(PPh 3 h(N0 3 }z.17 Furthermore, we showed that the MAS NMR spectra of such spin pairs generally exhibit a spinning-frequency dependent four-line pattern. Three distinctive types of spinning-frequency dependent J-recoupled patterns were identified depending on the relative values of J and a "mixing" term D.
For homonuclear two-spin systems where the isotropic chemical-shift difference between the two spins is large, line broadening and enhanced cross relaxation were first observed in MAS spectra acquired under the so-called rotational-resonance (RR) condition by Andrew and coworkers in the 1960s. 18 ,19 In the past few years, MAS NMR spectra obtained under RR conditions have been studied extensively from both a theoretical and applied point of view. 2 0-31 The potential of this technique in determining internuclear distances has been demonstrated in d · f l·d b t· 32-34 stu les 0 so 1 mem rane pro ems.
Although there have been a large number of studies of homonuclear two-spin systems which can be treated using the "AX" approximation, only scattered experimental examples have appeared in the literature for systems where the two spins constitute a second-order (tightly J-coupled) spin pair, i.e., the isotropic chemical-shift difference of the two spins is smaller than or comparable to the J-coupling constant between them. Analogous to solution-state NMR studies, we also refer to such two-spin systems as AB spin systems. Harris et al. 35 , 36 noticed' that the peak intensities in 31p and 207Pb MAS NMR spectra of two different AB spin systems deviate from predictions based on solution NMR formulas. Unusual spinning sideband intensities were also observed in 31p MAS NMR spectra of RhH(CO) (PPh 3 h where the spin network is an ABMX system (A,B,M= 31 p; X=103Rh).37 In 31p 2D J-resolved MAS NMR spectra, we noticed some anomalous features arising from AB spin systems. 38 In a recent study, Challoner and McDowell investigated the MAS NMR spectra of the X spin in an ABX spin system. 39
While studying J-recoupling phenomena involving two crystallographically equivalent spins, we found some unusual spectral features that could not be rationalized using the average Hamiltonian and its first-order correction term; instead, it was necessary to include higher-order correction terms. 17 Here, we extend our theory to treat· second-order (AB) two-spin systems. Based on average Hamiltonian theory, general expressions for peak positions and relative intensities are derived for such spin systems including correction terms of any order to the average Hamiltonian. As an example, we apply our theoretical expressions to reproduce the 3Ip MAS NMR spectra of a phosphole tetramer 1 and cis-I,2-bis(diphenylphosphino) ethylene 2. 
A. MAS NMR spectra of second-order two-spin systems
In the solid state, the nuclear spin Hamiltonian for a pair of spin-& nuclei can be written as
where ~ z is the Zeeman interaction, ~ cs is the chemical shielding interaction, ~ D is the homonuclear dipoledipole interaction, and ~J is the indirect spin-spin (J) interaction. In the absence of anisotropic J coupling, only ~ cs and ~ D depend on the orientation of a crystallite in the applied magnetic field. Under magic-angle spinning conditions, the nuclear spin Hamiltonian becomes time dependent
where COj(t) U= I and 2) and COd(t) are NMR frequencies arising from chemical shielding and the direct dipoledipole interactions, respectively; COJ is the isotropic J-coupling constant in angular frequency units. The time dependence of COj(t) U= I and 2) and COd(t) can be written as
COd(t) =c{ cOS(r+CORt) +st sin (r+CORt) +q' cos 2(r+CORt)+sf sin 2(r+CORt), (4) where COR is the sample spinning frequency in angular frequency units. The coefficients Ca, q, q, si, and S~ are functions of the orientation of the chemical shift tensors for spins i = 1 and i = 2, respectively; ct, s1, q', and S~ are functions of the orientation of the dipolar interaction. Expressions for these coefficients can be found in the literature. I Waugh and co-workers 6 ,40-42 have developed a successful method known as the average Hamiltonian theory (AHT) to treat such a time-dependent periodic Hamiltonian. According to AHT, at t=Nt R (tR is the rotor period and N is an integer variable), the spin system can be described by an effective Hamiltonian (5) where
(6) (7) (8) etc. The zeroth term ~(O) is called the average Hamiltonian; ~(n) is the nth order correction term. If the series in Eq. (5) converges rapidly, inclusion of only the first few correction terms may provide a good description of the spin system at t=Nt R (vide infra).
In this paper, we deal with tightly J-coupled two-spin systems, i.e., AB spin systems. Since the isotropic chemical-shift' difference in AB spin systems is usually much smaller than the sample spinning frequency, rotational-resonance conditions cannot be satisfied in practice .. Under these conditions, one can obtain the average Hamiltonian and its high-order correction terms by substituting Eq. (2) In Eqs. (10)- (12), k 2n + l , g2n and 12n are (2n+ l)th and 2nth correction coefficients, respectively. They are functions containing the principal components of the two chemical-shift tensors, the direct dipolar interaction, and its orientation with respect to the chemical-shift tensors. 6, 8, 17 The first few coefficients are listed below 6 ,8,17 (13)
-3ctS~S~-12S~Cfst +6s~stcI+3S~cIS~), (14) 12=:8 (7cf~~-12Cfstst+12StCtS~
where the superscript il denotes the difference between corresponding coefficients, e.g., C~=C:-ct. Expressions for the higher-order correction terms are extremely complex.
Since the effective Hamiltonian is time independent, one can readily solve this eigenstate problem. To simplify the mathematical expressions, we define the average isotropic chemical shift (Viso and the isotropic chemical-shift difference 8 as 1 2 CUiso + cuiso 2 and (16) The four resultant transition frequencies and their relative intensities can be obtained
(18) (19) ( 20) where (21) When the chemical shift anisotropy (in frequency units) of the spin system under study is much greater than the dipolar coupling constant, the G terms are usually much smaller than other correction terms and therefore can be neglected. 17 In such cases, the D term is simplified (22) Equations (17) - (22) are the key equations required to describe MAS NMR spectra of the second-order (AB) two-spin system. It is important to emphasize that these equations can be used to characterize only the total MAS NMR line shape, which is a spectrum summed over all spinning sidebands.
B. Spinning-frequency dependence of second-order MAS NMR spectra
It is interesting to note that at the rapid spinning extreme, i.e., when the terms K, G, and F approach zero, Eqs. (17)- (21) are identical with those used to describe AB spin systems in solution-state NMR studies. Under conditions of slow spinning, however, the second-order MAS NMR spectra deviate significantly from their solution-state counterparts. In this section, we focus on the spinning-frequency dependence of peak positions and relative intensities in the second-order MAS NMR spectra.
Similar to AB spectra in solution NMR studies, the appearance of second-order features in MAS NMR studies of solids is also dependent on the magnitude of the mixing term D. It is convenient to define another quantity D + co as
(23) (J)R-+ + 00 Three general types of spinning-frequency dependent behavior for second-order MAS NMR spectra can be identified, depending on the relative magnitudes of D and
The characteristic spinning-frequency dependence of D for each of these situations is illustrated in Fig. 1 .!t is clear that not only are the relative magnitudes of D different in each of these three cases, but also the way in which D depends on the MAS spinning frequency is distinctive. Below we shall discuss these three types of MAS NMR spectra in more detail. In systems that exhibit type I behavior, the mixing term D is independent of the sample spinning frequency and always equals D + 00; the peak positions of the MAS NMR spectra do not change as the sample spinning frequency is varied. Also, the peak positions are predicted to be identical with those derived for AB spectra in isotropic fluids (solutions). This type of behavior will most frequently arise when the isotropic chemical-shift difference S is relatively large compared to the various correction terms appearing in Eq. (21) . From Eq. (21), it is obvious that a large value of l3 will tend to quench the spinning-frequency dependence of D. However, even with large values of S, the relative intensities of the peaks within the four-peak pattern may still be sensitive to the sample spinning frequency if the term F is comparable to mJ [see Eqs. (17)- (20)]. 31p MAS NMR spectra of cis-l,2-bis(diphenylphosphino)ethylene 2 [vide infra (Sec. IV)] provide an interesting example of the type I behavior.
For spin systems which exhibit type II behavior, D> D + 00 under. slow spinning conditions; the general appearance of the second-order MAS NMR spectra is analogous to that of solution AB spectra in the sense that the splittings between the adjacent outer peaks in the four-peak pattern equals mJ. As the sample spinning frequency increases, the D term decreases and approaches D + 00. The recently reported 15N MAS NMR spectra of cisazobenzene dioxide-15 N 2 provide an example of this type of spin system. 12 Challoner and McDowell also predicted this type of spinning-frequency dependence for the AB portion of an ABX spin system. 39
For the third case (type III), where D < D + 00' the four peaks in the MAS spectrum are "squeezed" compared with those that would be observed in analogous solutionstate AB NMR spectra. In contrast to the type II MAS NMR spectra, the D term in the type III MAS NMR spectra increases as the sample spinning frequency is increased. Since anomalous spectral features may be observed for the type III spin systems, the discussion which follows is focused on these systems.
As we _ have pointed out in two recent studies of J-recoupling phenomena involving two crystallographi- -cally equivalent spins, the relative magnitUde of D and mJ has a profound influence on the appearance of MAS NMR spectra. 16 ,17 For any given AB spin system, there are three general spinning-frequency regions where the following conditions may be satisfied: (i) D>mJ; (ii) D=mJ; and (iii)D<mJ. In these three regions, MAS NMR spectra will have distinct features, as illustrated in Fig. 2 . It is interesting to note that when D is greater than mb the MAS NMR spectra are normal in the sense that mJis given by the splittings between the adjacent outer peaks [ Fig.  2(a) ]. However, a triplet results when D equals mJ [Fig. 2(b) ]. When D becomes smaller than mb an interchange of the two inner peaks results in an unusual AB spectrum since m J is given by the separation between alternate peaks [ Fig. 2(c) ]. Similar unusual AB spectra have been previously observed for systems containing two crystallographically equivalent spins. 16 ,17 In order to extract mJ from MAS spectra of strongly coupled two-spin systems in solids, one must carefully examine the spinning-frequency dependence of the peak positions so that the relative magnitudes of D and m J can be determined. It should be pointed out that Eqs. (17)- (20) are similar to the expressions derived by Challoner and McDowe1l 39 considering the average -Hamiltonian and its first-order correction. However, their expressions can predict only the type II behavior. clearly, correction terms higher than first order are necessary to predict MAS NMR spectra of types I and III.
Equations (17)- (22) indicate that for all three types of MAS spectra, the relative intensities within the fourpeak pattern depend strongly on the sample spinning frequency. This is in contrast to MAS spectra of AX spin systems. 43 For AB spin systems, the relative intensities of the four-peak pattern may depend on the spinning frequency in a complex manner varying from system to system. Nevertheless, some general trends are worth mention-ing at this stage. Equations (17)- (22) predict that under slow MAS conditions, the intensity ratio (S), which is defined as the intensity of the outer peaks over that of the inner peaks, is usually greater than that predicted using formulas appropriate for solution-state NMR studies. In other words, less "AB character" will be observed in MAS NMR spectra of AB spin systems under slow MAS conditions. The slower the sample spinning frequency, the greater the intensity ratio S. More specific discussions regarding the relative intensities of peaks in MAS NMR spectra of AB spin systems will be given in Sec. IV.
III. EXPERIMENT
The phosphole tetramer 1 was a generous gift from Professor F. Mathey and Professor F. Laporte. 44 Cis-l,2-bis(diphenylphosphino)ethylene 2 was purchased from Strem Chemicals, Inc. and was used without further purification. All 31p MAS NMR spectra were recorded on Bruker MSL-200 (B o =4.70 T) and AMX-400 (Bo=9.40 T) spectrometers operating at 31p NMR frequencies of 81.0 and 162.0 MHz, respectively. The crystalline samples were packed into zirconium oxide rotors 7 and 4 mm o.d. for the low and high field experiments, respectively. Cross polarization under the Hartmann-Hahn match condition and high power proton decoupling were employed for the acquisition of all 31p MAS NMR spectra. Typical IH 90° pulses were 4.5-5.0 f..Ls for the low field experiments and 3.5-4.0 f..Ls for the high field experiments. Contact times of 3-5 ms were used for experiments at both fields. The sample spinning frequency ranged from 1.0 to 6.0 kHz at 4.70 T and 1.5 to 12.0 kHz at 9.40 T. The sample spinning frequency was controlled by a Bruker MAS pneumatic unit and was stable within ± 2 Hz. All 31 P NMR spectra were referenced with respect to 85% H 3 P0 4 (aq) by setting the 31p NMR peak of solid NH 4 H 2 P0 4 to 0.81 ppm. Summations of spinning sidebands in ordinary MAS NMR spectra were performed using the program NMR-286 (Version 3, Release 2, 1991; T. Allman, SoftPulse Software, Guelph, Ontario, Canada).
IV. RESULTS AND DISCUSSION

A. MAS NMR spectra of type III
The four 31p nuclei present in the phosphole tetramer 1 can be treated as two isolated spin pairs. The dipolar and J-coupling constants between the two directly bonded 31p nuclei are much greater than the other 31p_31p interactions. Based on the crystal structure of a molybdenum carbonyl complex of 1,44 the two 31p spin pairs in 1 are believed to be related by a C 2 symmetry axis. Observation of only one AB spectrum also supports the argument that the two 31p spin pairs in the molecule are symmetry related. In Fig. 3 , the 31p MAS NMR spectra of 1 obtained at 4.7 T are shown as a function of the sample spinning frequency. Note that each spectrum represents the tota/line shape of the corresponding MAS NMR spectrum, i.e., a spectrum summed over all spinning sidebands. The 31p MAS NMR spectrum of 1 appears as a triplet at all spinning frequencies. The central peak consists of two overlapping peaks that are too close to be resolved (vide infra). A plot of the separation between the two outer peaks (D+UJJ) vs UJR is shown in Fig. 4 . The 31p MAS NMR spectra of 1 obtained at a higher applied magnetic field 9.4 T also exhibit triplet structures similar to those obtained at 4.7 T. The separation between the two outer peaks for spectra at 9.4 T is also plotted as a function of sample spinning frequency in Fig.  4 . Note that for data obtained at 9.4 T, the sample spinning frequency is scaled by a factor on, which is the ratio of 31 p NMR Larmor frequencies at the two fields. It can be easily shown from Eqs. (17)- (20) It is interesting to point out that (D+lUJ) is greater than 2mJ when mR/2'TT'> 2.-5 kHz and that it becomes smaller than 2mJwhen mR/2'TT' < 2 kHz (Fig. 3) . Although the two inner peaks in the MAS NMR spectra are not resolved, it is clear that an interchange of the two inner peaks must occur at mR/2'TT'z2 kHz. Thus, in the case of compound 1, each of the three different regimes depicted in Fig. 2 can be realized in practice (see the variable spinning frequency 31p NMR spectra in Fig. 3) .
Another surprising feature of the MAS NMR spectra shown in Fig. 3 is that as the spinning frequency is· decreased, the relative intensities of the peaks change dramatically. From Eqs. (17)- (20), the relative intensity S of the outer peaks to the inner peaks is given by Eq. (25)
D-(mJ-F) S D+ (mJ-F) .
From Eqs. (11) and (25), one can easily show that
All coefficients of k 2n + 1 (n=0,1,2, ... ) and f2n (n=1,2, ... ) are field independent, provided that a scaled spinning frequency is used. Equation (26) predicts that for a given AB spin system, a plot of [(1-S) /(1+S)]D vs the scaled sample spinning frequency will be independent of the applied magnetic field. Indeed, as shown in Fig. 5 , the two curves obtained at different magnetic fields are nearly coincident. The ordinate intercept of the curve confirms the value of m/2'TT' (362 Hz) and the initial slope of the curve yields the value of 12/(2'TT') 3 [3.1 (kHz 3 )]. Therefore, given that kI-2lUJI2=0 and 1~+2klk3= -(2'TT')6 X O.9 (kHz 6 ) .
[see Fig. 4 and Eq. (24)], k 1 /(2'TT')2 and k3/(2'TT')4 are estimated to be 1.5 (kHz 2 ) and -3.5 (kHz 4 ), respectively. It is worth noting that we are able to use the 'same set of field-independent correction coefficients, i.e., kl' 12' and k3' to reproduce data obtained at two fields, provided that scaled spinning frequencies are used. This indicates that various correction coefficients in the G term are indeed negligible since they are expected to be field dependent. Only in spin systems where the chemical shift anisotropy is smaller than or comparable to the dipolar coupling constant may the G term be significant. Surprisingly, at the very slow spinning frequencies, S becomes greater than unity. This indicates that the outer peaks become more intense than the inner ones. Similar AB spectra have only been observed in single-crystal NMR spectra of diammonium oxalate monohydrate when the crystallite is at some special orientations with respect to the external field. 45 This phenomenon can never be observed in AB spectra of solution NMR studies.
B. MAS NMR spectra of 2; type I spectra
In the solid state, the two cis-phosphorus atoms of cis-l ,2-bis ( diphenylphosphino) ethylene 2 are slightly nonequivalent. 46 The direct 31p_31p dipolar coupling constant is about 430 Hz, based on an estimate of the p-p internuclear distance 3.57 A.. The 31p MAS NMR spectra of 2 obtained at 4.7 T are shown in Fig. 6 . Clearly, only at high MAS frequencies do the MAS NMR spectra of 2 resemble AB spectra predicted by formulas applicable to solutionstate NMR studies. It is more astonishing to observe that at slow MAS frequencies, the peak intensities vary drastically from spinning sideband to spinning sideband and they are sensitive to the MAS frequency at which the spectrum is obtained. The observed anomalous features at individual spinning sidebands cannot be understood using our approach. However, our method is appropriate to treat total MAS NMR spectra. The total MAS NMR spectra of each of the MAS spectra in Fig~ 6 are shown in Fig. 7 individual spinning sidebands disappear in the total MAS NMR spectra, and symmetrical spectra are always obtained. First, one may notice in Fig. 7 that the peak positions do not change as the sample spinning frequency is varied from 1.0 to 4.5 kHz, in contrast to the observations I 0.5 'made for the phosphole tetramer 1. Clearly, the MAS NMR spectra of 2 belong to the type I spin system,. where '.' D(WR) =D+ oo as discussed previously in Sec. II. In Fig. 8 , the observed D values in MAS spectra of 2 are plotted vs the sample spinning frequency and indeed a horizontal straight line is obtained. With the knowledge of w/21r, which is determined to be 122 Hz, and D/21r=256 Hz, one can determine that {) = 2.78 ppm.
A more interesting feature of the total MAS NMR spectra of 2 is that the relative intensities of the peaks vary with the MAS frequency (see Fig. 7 ). At the highest MAS frequency (4.5 kHz) the relative intensity S=0.39 compares well with that calculated based on solution NMR formulas (0.35). Similar to the previous example, compound 1, the outer peaks in the AB spectra become more intense as the MAS frequency is decreased. When the MAS frequency is as low as 834 Hz, the MAS spectrum of 2 appears similar to that predicted for an AX spin system, Le., Szl. From Eqs. (17)- (20), it is clear that the spinning-frequency dependence of relative intensities is sensitive to parameters such as the 31p_31p dipolar coupling constant, the principal components of the phosphorus chemical shift tensors and their relative orientations with respect to the 31p_31p dipolar vector. Previously, we have demonstrated that information concerning the relative orientation of cheQ1ical shift tensors may be extracted from_ spinning sideband intensities of MAS NMR spectra for a tightly J-coupled two-spin system. 47 _Since the D term is constant over the entire spinningfrequency range, the relative intensity S depends ,Only on the even-order correction terms 12n as indicated by Eqs.
(17)- (20) . Here it provides one with an ideal case where the convergence of the high-order correction terms as a , function of spinning frequency can be readily investigated.
In Fig. 9 , observed relative intensities are compared with those calculated based on Eqs. 
V_ CONCLUSIONS
In summary, we have shown that both the frequencies and relative intensities of peaks in MAS NMR spectra of second-order AB spin systems will generally be sensitive to the sample spinning frequency. At the high MAS frequency extreme, MAS NMR spectra are identical to the AB spectra predicted by solution NMR formulas. Under slow MAS conditions, however, MAS NMR AB spectra deviate considerably from those predicted using solutionstate formulas. Three general types of MAS NMR spectra for AB spin systems can be identified depending on the relative values of D(COR) and D+ oo ' We have also shown that if the high-frequency limit cannot be reached in practice, caution must be exercised when extracting parameters (e.g., {) and COJ/21T) from MAS NMR spectra. It is important to first identify the type of spin system that one is dealing with [i.e., the relative magnitUdes of D(COR) and D + 00]' so that the MAS spectra can be properly analyzed. It is obvious that a detailed study of MAS NMR spectra as a function of sample spinning frequency will be helpful in this regard. In general, type I behavior may be anticipated for two-spin systems where the isotropic chemical-shift difference {) is larger than or comparable to the dipolar coupling constant between the two spins R, and COJ/21T is relatively small. When {) is comparable to Rand (i) JI21T, the two-spin system may exhibit type II behavior. For cases where {) is smaller than Rand COJ/21T, type III behavior may be expected.
Based on average Hamiltonian theory, we have demonstrated that high-order correction terms to the average Hamiltonian play an important role in determining spinnIng-frequency dependencies of second-order MAS NMR spectra. In particular, correction terms higher than first order are essential to interpret the observed anomalous spinning-frequency dependencies in the 31p MAS NMR spectra. The limitation of the current approach is that a rapid convergence of the series in the effective Hamiltonian is not always guaranteed, especially at very slow MAS frequenCies. However, it appears that in practice, inclusion of the first three correction terms is usually sufficient to reproduce the main features observed in the MAS NMR spectra of AB spin systems.
